The role of the rigidity of a peptide chain in its equilibrium dynamics is investigated within the framework of a microscopic model. The stacking interaction characterizing the chain rigidity is found to be repulsive for both types of protein secondary structure (α-helix and anti-parallel β-sheet) mainly encountered in natural proteins. A discrete breather (DB) or else intrinsic localized oscillation associated with the changes of torsional (dihedral) angles is shown to exist in α-helix and in parallel β-sheet but not in anti-parallel β-sheet. Since β-proteins are known to contain predominantly anti-parallel β-sheets one can conclude that such proteins do not support the excitation of the DB as opposed to α-proteins. This conclusion agrees well with the results of recent experiments of Xie et al. on far infrared laser spectroscopy of proteins.
Introduction
Polypeptides and proteins being the most complicated of all known molecules represent themselves a fertile ground for manifestation of non-linear effects and excitations [1] [2] [3] .
The most known of them is the Davydov's soliton [1, 2] in α-helix proteins caused by the interaction of spatial displacements of peptide group in one dimensional hydrogen bonded chains (virtually phonon modes) with the excitation of Amide-I vibration and described by non-linear Schrödinger equation. Davydov's soliton is used for explanation of energy (obtained from ATF hydrolysis) and electron transport in α-proteins. Being essentially of quantum mechanical nature Davydov's soliton is highly sensitive to thermolization so the main problem still open one is to prove that it can survive at physiological temperatures.
Another type of soliton (the so-called vibron one) in non α-helix parts of protein was announced recently [4] . The latter is also developed within the framework of solid state physics.
On the other hand the backbone of a polypeptide or protein is a quasi-one-dimensional structure and one is tempted to look for non-linear excitations in it which are of purely classic mechanical nature. However, to the best of my knowledge, there are few analytical models (as opposed to extensive molecular dynamical simulations) treating non-linear mechanics of peptide chain backbone [3, [5] [6] [7] . This is the more astonishing that such mechanics of DNA is studied since the model of Englander et al. in a hardly observable number of papers (see e.g. [3, 8, 9] and references therein). The existence of non-linear exitations in peptide chain backbone would be very interesting and useful for solving some important problems of protein biophysics. In [10, 11] it is suggested that the propagation of a soliton through the backbone of a protein can mediate conformational transition and folding of a protein to its native state. Similar idea is developed in [12] . It should be stressed that in [10] [11] [12] the soliton in the backbone is postulated (obeying to sine-Gordon equation in [10] or to non-linear Schrödinger one in [11, 12] ) rather than derived from a physical model of the peptide chain. Also there is a steady interest to the search of functionally important dynamical contributions into the mechanism of enzyme catalysis.
This idea pioneered by Warshel [13] is developed in different forms during the last decades [14] [15] [16] [17] [18] [19] [20] . The recent label for such functionally important motions of the protein backbone is the "rate promoting vibrations" [19] and their frequencies are found to lie in the band ω ∼ 100 cm −1 [19] which coincides well with the frequencies ω ∼ 10 12 ÷ 10 13 s −1 of the protein backbone oscillations [21] [22] [23] . In my opinion non-linear excitations in peptide chain such as e.g. discrete breathers seem to be a good candidate for the role of rate promoting vibrations.
The reason for mentioned above transparent lack of activity on analytical modeling of peptide chain backbone mechanics seems to stem from the meager direct experimental evidence for non-linear excitations in it. However, recently some important advances have been published [24, 25] . The experiments of Xie et al. [24, 25] according to their conjecture strongly suggest that a breather can exist in α-helix proteins (myoglobin and bacteriorhodopsin) but not in β-sheet protein (photoactive yellow protein) when excited by far infrared laser pulse. Another interpretation of these experiments within the framework of Davydov's soliton concept is also suggested [26] . However the latter encounters with difficulties at the item emphasized in [24, 25] that α-helices in myoglobin or bacteriorhodopsin are too short for Davydov's soliton could efficiently propagate in them. In the present paper an interpretation is suggested in which the oscillations of peptide groups around their equilibrium positions in the α-helix (providing the existence of a breather) rather than those of positions in the one dimensional hydrogen bonded chain (providing that of the Davydov's soliton) are responsible for the phenomenon.
The work of Zorski and Infeld [5, 6] is an impressive attempt to derive an analytical model of peptide chain from first principles. The dynamical variables of the model are the position vectors of the atoms of peptide groups rather than the torsional angles. Solitons are found in very restrictive cases. However the authors make use of the continuum limit which may lead to overlooking some important peculiarities stipulated by inherent discreteness of the peptide chain. For instance, breathers are known to exist in some continuum models (sine-Gordon or non-linear Schrödinger) but they are non generic and structurally unstable (i.e. they are destroyed by most types of perturbations) there. That is why such breathers can hardly correspond to any real phenomena in nature [27, 28] . On the other hand breathers in discrete models (DB) or else intrinsic localized oscillations (which are time periodic spatially localized oscillations with significant amplitudes of several units in a chain of weakly coupled non-linear oscillators while others are at rest or oscillate with negligible amplitudes) are proved by MacKay and Aubry [27] to be structurally stable (see also [28] and refs. therein). The conjecture that the experiment of Xie et al. [24] should be interpreted within framework of the concept of DB is posed in [29] . The aim of the present paper is to derive the possibility of the existence of the DB in polypeptide chain from its microscopic model and to interpret the results of the papers [24, 25] . The problem of the DB stability is not touched upon.
In the present paper the discrete model of the peptide chain is constructed in which the torsional (dihedral) angles ϕ i = ϕ 0 i + ϕ i (t) and ψ i = ψ 0 i + ψ i (t) are chosen as the only natural dynamical variables. The fact that the peptide group is actually a planar rigid structure [30, 31] is used to restrict the consideration by a particular type of motion ψ i+1 (t) = −ϕ i (t). The latter further will be called rigid rotation and means that the peptide group rotates as a whole respective adjacent C α atoms. It should be stressed that in [24, 25] very slowly decaying oscillations in α-helix proteins are observed. This fact suggests that friction is negligible in the first approximation. That is why in the present paper only non-dissipative Hamiltonian dynamics of the polypeptide chain is considered and consequently the effects of thermolization are not taken into account.
The paper is organized as follows. In Sec.2 the expressions for the potential energy of electrostatic and van der Waals interactions of adjacent peptide groups as explicit functions of torsional angles are obtained and the stacking constant characterizing the chain rigidity is calculated for different types of the protein secondary structure. In Sec. i . The peptide group is known to be a planar rigid structure [30, 31] so the position of an atom A n in the i-th group can be described by its distance r n from i remains constant at rotations of the angles ϕ i and ψ i and will be denoted by the letter θ (its value is θ ≈ 110
• [30] ). Then the distance R mn between the atoms A n and A m is
Further we consider only the equilibrium dynamics in regular protein structures in which the equilibrium values of the torsional angles are the same for all peptide groups.
Namely we consider different types of the secondary structure (the equilibrium values of the torsional angles are listed in the Table 1 ). We consider small deviations ϕ i (t) and ψ i (t) of the torsional angles from their equilibrium values
• and |ψ i (t)| ≤ 20 ÷ 30
• . At such amplitudes of the deviations the hydrogen bonds confining the peptide group in the secondary structure are not broken [31] . Finally we consider a peculiar type of motion ψ i (t) = −ϕ i+1 (t) which is further called "rigid rotation" and means that the peptide group rotates as a whole respective adjacent C α atoms. This type of motion is stipulated by the fact that the peptide group is a planar rigid structure. For the sake of uniformity of designations we further denote φ i = ϕ i (t) and thus
There are only two interactions which can intermix the motions of the adjacent peptide groups i and i+1 leading to the rigidity of the peptide chain. Those are the van der Waals interaction of covalently non-bonded atoms and their electrostatic interaction. The latter stems from the fact that the atoms of the peptide group have partial charges leading to its large dipole moment ≈3.7 D [30, 31] . However the dipolar approximation for treating electrostatic interaction of the peptide groups is known to be invalid [30, 31] and we resort to the monopolar one. Both interactions are described by the central potentials
between the atom A n of the i-th peptide group and the atom A m of the i+1-th one. The electrostatic potential is
where q m and q n are partial charges on the atoms A m and A n respectively (q(N) = −0.28e; q(H) = 0.28e; q(O) = −0.39e; q(C) = 0.39e where e = 4.8 * 10 −10 CGS [30] ) and ε is the dielectric constant which for protein interior should be better conceived as some adjustable parameter (≈ 2÷5 or 1÷10 with 3 being usually the preferential value) [30, 31] .
For the van der Waals potential one can choose any of the numerous forms suggested in the literature e.g. the Lennard-Jones one (6) (7) (8) (9) (10) (11) (12) or the Buchinghem one (6-exp). In the present paper we use for numerical estimates the former
with the set of parameters of Scott and Scheraga [32] (other sets [33, 34] were also verified and found to give similar results). All other interactions such as the torsional one [30, 31] and those of the peptide group with the own side chain or the environment lead to independent potentials for the angles ϕ i and ψ i which will be further called Ramachan-
It should be stressed that the latter also include some contributions from the two interactions mentioned above.
We further measure the angles in the radians and consider small deviations of the torsional angles from their equilibrium positions
The interaction potential for both van der Waals and electrostatic interactions has the form U vdw el
where the summation in n is over atoms in the i-th peptide group and that in m is over atoms in the i+1-th one. Expanding the potential into the Taylor series one obtains that to the leading order in φ i ≪ 1 and φ i+1 ≪ 1 the rigidity of the peptide chain is determined by the term of the potential which intermixes the motion of the adjacent peptide groups
Thus the rigidity is characterized by the stacking constant
After some algebra one obtains that 
The results of calculations of the contributions into the stacking constant for different types of protein secondary structures are presented in the Table 1. The numerical values are very sensitive to the values of the equilibrium angles and differ noticeably for those of different sources (the most striking example is the case of parallel β-sheet where even the sign of the values differs for two sources [30] and [31] ). The peptide group undergoes small amplitude deviations from its equilibrium position in the secondary structure. The fact that the peptide group is a rigid planar structure suggests that the character of motion is the rigid rotation (2) at which the peptide group rotates as a whole around some effective axis σ (see Fig.1 • and (
• [30] ). The moment of inertia of the peptide group relative to this axis is known to be I ≈ 8.5 * 10 −39 g * cm 2 .
The Hamiltonian of the polypeptide chain in such simplified model is
In the new variables φ i (2) it takes the form
one obtains the equation of motion
There seems to be no way to obtain microscopic form of the potential U R (φ i ) because too many interactions contribute into Ramachandran ones. One can only assume that:
1. the potential has a minimum at φ i = 0 because secondary structures are stable ones;
2. the potential provides oscillations with the frequency ω ∼ 10 12 ÷ 10 13 s −1 in accordance with the experiment [21] [22] [23] .
Thus the potential has the form
where V (φ i ) is its anharmonic part. Measuring time in the units of ω −1 and denoting the
one finally obtains the dimensionless form for the set of the equations of motion
This set of difference equations belongs to a class of those extensively investigated during the last decade within the concept of the DB [27, 28] . The main peculiarity of the present case is the fact that for two secondary structures predominantly represented in natural proteins (α-helix and anti-parallel β-sheet) the stacking constant is negative i.e.
interaction is repulsive. Its dependence on frequency for these two types of secondary structure at several values of the dielectric constant is shown in the Fig.2 and Fig.3 .
The dependence of the stacking constant on frequency for α-helix (right) at different values of dielectric constant (ε=2;. ε=3;. ε=4;. ε=5).
The set of difference equations (16) can not be solved analytically and is analyzed by direct numerical calculations for 25 coupled equations (motivated by the fact that 25 is the average number of peptide groups in α-helices of bacteriorhodopsin used in the experiment [25] ) with periodic boundary conditions. The initial configuration is chosen to be φ 13 (0) = 0.3 while φ i (0) = 0 for all other i. In the Fig.4 and Fig.5 an instant snapshot at some large value of time ( dimensionless t∼150) is depicted for the cases of soft on-site potential (which goes less steep that the harmonic one e.g. a=1; b=0) and hard on-site potential (which goes more steep that the harmonic one e.g. a=0; b=1) respectively. The Z V 
Discussion
The secondary structures of natural proteins include α-helix (right) and predominantly anti-parallel β-sheet [30, 31] while parallel β-sheet is rarely encountered in them. According to the present model of the polypeptide chain the striking peculiarity of α-helix and anti-parallel β-sheet is the fact that for them the stacking constant is negative i.e. the interaction potential between two adjacent peptide groups is repulsive because a nonzero value of a variable tends to increase the values of the neighboring variables with the opposite sign. The repulsive potential was studied earlier in some DNA related models [35] [36] [37] [38] [39] [40] [41] [42] . However in those models only the electrostatic part (the dipole-dipole one ) of the interaction yields the repulsion while the stacking coupling is chosen to be attractive (positive stacking constant). In the present model of polypeptide chain both of them are calculated within the framework of microscopic consideration to be repulsive for α-helix and anti-parallel β-sheet.
The DB in the systems with repulsive potential has been much less studied compared with those with attractive one. The Fig. 4 and Fig.5 show that opposite to the systems with attractive potential [41] those with repulsive one yield the zig-zag shaped DB for soft on-site potential and the bell shaped DB for hard on-site one. The key ingredient for the existence of the DB is the requirement of weak interaction between adjacent nonlinear oscillators i.e. the smallness of the absolute value of the stacking constant [27, 28] . For our case of repulsive potential this requirement is approximately |ρ| ≤ 0.05 (see Fig. 4 and Thus the present model yields that the DB can exist in α-helix proteins but not in β-sheet ones. The on-site potential in proteins is most probably soft which leads to the zig-zag shaped DB (Fig. 4) . However it should be stressed that the type of the on-site potential (soft or hard) determines only the form of the DB (zig-zag or bell shaped) but not the region of its existence. Consequently the above conclusion is not affected by the fact that the actual form of the Ramachandran potentials is not known.
Our conclusion is in interesting agreement with the results of the experiment of Xie et al. [24] where the absorption of far IR radiation by proteins is shown to create long-lived oscillations in α-helix proteins but not in β-sheet ones. The oscillations are observed in the Amide-I band (ω ∼ 1500 cm −1 ) [24] and more vividly in the low-frequency band ω ∼ 100 cm −1 [25] . The absorption by proteins in the latter case is commonly attributed to the excitation of longitudinal and transverse modes of one dimensional hydrogen bonded-chains in α-helices [43] . The opportunity of longitudinal mode excitation for the interpretation of the experiments [24, 25] is utilized in the paper [26] within the framework of the concept of Davydov's soliton. The present approach emphasizes the second opportunity: the excitation of transverse mode of one dimensional hydrogen bonded-chains in α-helices is actually that of oscillations of the peptide groups around their equilibrium positions in peptide chain (the oxygen and nitrogen atoms oscillate transverse to the chain of amide groups). The latter is exactly the rigid rotation studied in the present model. This type of motion is shown to enable the appearance of the DB whose existence is proved for α-helices. Thus the DB in the peptide chain of α-helices can provide sustaining the longlived oscillations excited by the absorption in the low-frequency band ω ∼100 cm −1 . The absorption in the Amide-I band can be treated along the following line. The excitation of Amide-I vibration in some peptide group is known to change its dipole moment [44, 45] .
An instant change of electrostatic interaction of this group with adjacent ones in the peptide chain can swing the oscillations leading to the creation of the DB in α-helix proteins but not in β-sheet ones.
One can conclude that the nonlinear excitations revealed by the experiments of Xie et al. [24, 25] can find their interpretation within the framework of the present model which yields the possibility of existence of the discrete breather in α-helix proteins while in β-sheet ones the phenomenon is shown to be impossible. Our approach emphasizes further the importance and significance of the role of such excitations in energy storage and transfer in proteins. The phenomenon of the discrete breather in the polypeptide chain while being interesting in itself open possibilities for application to the problem of enzyme catalysis. It seems to be a good candidate for the role of the source of functionally important dynamical contributions into the mechanism of enzyme action.
